The Scheldt River system is located in northern France, Belgium and the Netherlands and includes a dense network of rivers, which contributed to the urban and industrial development in this area. Three sediment cores, collected in the Upper Scheldt River (Helkijn) and two of its tributaries (the Lys River at Wervik and the Espierre Canal), were analysed for n-alkanes and polycyclic aromatic hydrocarbons (PAHs). Total n-alkane and PAH concentrations in all the sampled cores ranged from 2.8 to 29 mg kg -1 and from 4.9 to 96 mg kg -1 , respectively.
Introduction
The study area for this research was the Upper Scheldt and two of its tributaries: the Lys Most previous studies of contamination in the Scheldt River focused on the estuary [2] [3] [4] or on soils affected by dredged sediments 5 ; much less information is available on water quality in the upper river. This gap in knowledge was partly filled by the INTERREG III -STARDUST European Research Program for trace metals in river sediments 6, 7 , but data on hydrocarbon contamination are still scarce. Two classes of hydrocarbons where data are lacking are polycyclic aromatic hydrocarbons (PAHs) and n-alkanes.
The proven mutagenic and carcinogenic effects of some PAHs as well as their bioaccumulation and persistence in the environment 8 have lead the United -States Environmental Protection Agency (US EPA) and the European Union to include PAHs in their lists of priority pollutants. PAHs derive from the incomplete combustion of organic matter including biomass and fossil fuels (pyrolytic source), from the spillage of petroleum or refinery products (petrogenic source) 9 , and from the post-depositional degradation of biogenic precursors (diagenetic source). 10 PAHs enter the aquatic environment through runoff from contaminated roads or sealed parking lots 11 , urban and industrial waste water discharge, direct spillage and wet and dry deposition of atmospheric born contaminants. 12 n-alkanes can be of petrogenic origin or produced by a variety of terrestrial and aquatic organisms. 13, 14 Owing to their hydrophobic character and affinity toward particulate matter, hydrocarbons tend to accumulate in sediments. 15 These contaminated sediments represent a potential threat and source of exposure to aquatic organisms by release to the overlying water column. 16 Objectives of this study are to assess the contamination levels and to determine the hydrocarbon fingerprint and sources of pollution in the Upper Scheldt River Basin. Different qualitative and quantitative indexes based on n-alkanes and PAHs are used for source apportionment of hydrocarbons in sediments. Data are also discussed in terms of trends with depth in sediment cores.
Materials and methods

Study area and sampling
The Scheldt River has a catchment area of 21860 km². It flows over the northern European plain and thus has a very low gradient, about 100 m fall between its source and the estuary.
Sediment cores were collected from three sites in November and December 2005 (Fig. 1 ).
Sampling site Espierre (Fig.1, site 1 Rivers are considered as heavily modified water bodies.
For each site, two sediment cores of approximately 25 cm length and 10 cm diameter were sampled by a diver: one for pH and redox potential measurements (see section 2.2) and one for further analysis (see sections 2.3 and 2.4). This last core was sectioned in 2 cm slices and each slice was homogenised before being transferred into pre-combusted aluminium containers capped with aluminium foils. Sediment samples were stored in a freezer (-20°C) until extraction and analysis.
Redox potential and pH measurements
In the field, redox potential and pH were measured in sediments by inserting specifically designed electrodes through pre-drilled holes. These holes (1 cm intervals) were covered with adhesive tape during sample collection. Redox potential and pH measurements were done using respectively a combination glass electrode (Ingold) and a combination platinum electrode (Mettler Toledo/Pt 4800). The reference electrode Ag/AgCl, was used for both pH and redox potential measurements.
6,7
Organic carbon analysis and granulometry
The sediment organic carbon (OC) was measured using a CHNS-932 (LECO) elemental analyser. Sediment samples were dried at room temperature to constant weight, ground and sieved (1 mm). Total carbon was measured just after sieving. Then, sediment samples were heated at 450°C during 12 hours in order to remove organic carbon. 17 OC content was calculated as the difference between the two measurements. Samples were analysed in triplicate and calibration was carried out using known amounts of cysteine (C 3 H 7 O 2 NS). The Sedimentation rates or isotopic dating have not been determined in these sampling locations since navigation and/or dredging can alter the chronological deposition of sediments.
Analytical procedure
Sediment samples were dried at room temperature, ground and sieved at 1mm. Analysis were performed on the <1 mm fraction. Sediments were analysed for n-alkanes (from n-C12 to n- to n-C34, pristane and phytane (DRH hydrocarbon mixture, AccuStandard). Unresolved complex mixture (UCM) was quantified using the average response factor of n-alkanes.
All chemicals and solvents used were trace analysis or HPLC grade and procedural blanks showed no significant amounts of analytes. Limits of detection were defined as three times the standard deviation of the blank sample and expressed in ng g -1 of dried sediment. Limits of detection were evaluated to 5.0 ng g -1 for n-alkanes and to 0.5 ng g -1 and 1.5 ng g -1 for low molecular weight PAHs and high molecular weight PAHs respectively. The total procedure uncertainty, determined on a triplicate extraction of one of the river sediments, was 7.0 -8.3
% for n-alkanes and 2.2 -2.8 % for PAHs (depending on the compound). The certified reference sediment NIST SRM 1944 (purchased from LGC-Promochem) was used to check on the accuracy of the method. Average recoveries varied from 60.2 % (acenaphtene) to 127.2 % (chrysene). Recoveries greater than 75 % were generally achieved with the exception of acenaphtene (60.2 %) and fluorene (66.1 %).
Statistical analyses were performed using the software StatBox version 6.6.
Results and discussion
Sediment properties
The strongly anoxic character of the sediments was confirmed by redox profiles and by absence of dissolved oxygen from the first mm of sediment. Oxygen concentrations in pore waters were measured by an O 2 microsensor fixed to a micro-manipulator and connected to a pico-ammeter (Unisense). Organic carbon (OC) contents and grain size distributions are summarized in Table 1 . OC ranges from 1.5 to 3.7 % for Wervik sediments (maximum at 17 cm depth), from 2.4 to 4.7 % for Espierre sediments (maximum at 17 cm depth) and from 1.7 to 3.1 % for Helkijn sediments (maximum at 5 cm depth). This range of organic carbon is commonly observed in freshwater sediments. 19 Sediments were mainly composed of silt-(4-63 µm) and sand-(63-2000 µm) sized particles ( Table 1 ). The mean d50 were 48.4, 31.2 and 25.6 µm for Espierre, Helkijn and Wervik sediments, respectively. Wervik and Helkijn sediments were similar in terms of grain size with a prominent silt fraction whereas Espierre sediments were more sandy. The sorption of organic contaminants to sediment particles takes place through two types of process: adsorption to mineral and organic surfaces and absorption into organic matter coatings. 20 Smaller particles exhibit a higher surface to volume ratio and have generally a higher organic carbon content. 15, 21 As a result, the mass related amount of sorbed contaminants is generally larger in the small-size particle fraction than in the large-size particle fraction. However, for the studied sediments and contaminants, positive and significant correlation was only noticed for Wervik sediments between the total amount of PAHs and the fine fraction (<63µm) (r = 0.87, p < 0.001).
n-alkanes
Concentrations and variations in sediment profiles
Chromatograms of the aliphatic fraction presented a suite of resolved n-alkanes, ranging in carbon chain length from n-C12 to n-C34, and two isoprenoids (pristane: 2,6,10,14-tetramethyl pentadecane and phytane: 2,6,10,14-tetramethyl hexadecane), overlying the broad hump of the UCM. Sediment profiles of the total concentrations of resolved n-alkanes plus pristane and phytane (Σ n-alk) are presented in Fig. 2 , expressed on a dry weight basis. 
Source apportionment
Several indexes related to individual compounds concentrations or UCM have been used to distinguish between biogenic (aquatic or terrestrial) and anthropogenic (petrochemical) sources of the aliphatic contamination in sediments. The carbon preference index (CPI) is defined as the ratio of odd to even carbon numbered n-alkanes and several ways of calculating this index are presented in the literature. 14, 19, 22, 23 Most abundant n-alkanes in biogenic materials, such as epicuticular waxes or algae, generally show an odd predominance and thus CPI values higher than 1. n-alkanes n-C23, n-C25, n-C27, n-C29 and n-C31 are major components of waxes in vascular land plants and the most abundant n-alkanes are generally n-C15, n-C17, n-C19 or n-C21 for microbial or algae sources. 22 On the other hand, petrochemical derived n-alkanes exhibit a wide distribution range, no predominance of odd over even n-alkanes and thus CPI values close to 1.
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CPI was first calculated on the whole carbon range using Equation 1 24 , fitted to our analytical
CPI values are higher than 1 for all sediments with mean values of 2.6, 2.1 and 2.5 respectively for Espierre, Helkijn and Wervik cores (Fig. 2) , suggesting a predominance of biogenic n-alkanes in the resolved fraction. To improve the sensitivity of the CPI index, Aboul-Kassim & Simoneit 24 separate the carbon number range into a low (n-C12-n-C19) range (Equation 2) and a high (n-C20-n-C37) range (Equation 3) which represent respectively: n-alkanes coming from microbiota or volatile fossil fuels and n-alkanes originating from terrestrial plant waxes or fossil fuels detritus of urban areas.
LCPI values are close to 1 all along Espierre (mean value 1.1) and Helkijn cores (mean value 0.8), suggesting a petroleum pollution of these sediments (Fig. 2) . On the other hand, Wervik sediments exhibit LCPI values higher than 1 in the first 20 cm (mean value of 3.1) and close to 1 in the bottom of the core (Fig. 2) . The contribution of aquatic biogenic n-alkanes appears to be predominant for low molecular weight n-alkanes in Wervik sediments. Considering the high molecular weight range, HCPI values are higher than 1 for all sediments and show similar vertical profiles as CPI values (Fig. 2) , evidencing inputs of biogenic terrestrial materials. The most abundant n-alkanes in the studied sediments are n-C29, n-C27 and n-C31 which originate from higher plant waxes. The sum of these three hydrocarbons accounts for 31-53 %, 36-48 %, 45-54 % of the total n-alkane contamination respectively for Espierre, Helkijn and Wervik sediments, explaining the positive and significant correlation between CPI and HCPI values (r = 0.97, 0.98 and 0.79, respectively for Espierre, Helkijn and Wervik sediments, p < 0.001). These conclusions confirm the usefulness of splitting the carbon range into a low and a high ranges. Because of the predominance of odd and heavy n-alkanes, the petrogenic fingerprint appears for Espierre and Helkijn sediments when applying the LCPI index but not when considering the whole range CPI.
Another diagnostic indicator is the UCM (unresolved complex mixture) which is composed of a mixture of branched and cyclic hydrocarbons unresolved by the capillary column and thus forming a hump below the resolved compounds. 25 Chromatograms of unpolluted sediments or samples of biogenic origins are characterised by the absence of hump whereas samples of petrogenic origins (crude oils and some refined fractions such as lubricating oils) show a very large UCM. 26 Wang et al. 26 also noticed the occurrence of a UCM in weathered and biodegraded oils and in petroleum polluted sediments. Consequently, the size and the shape of the UCM are useful indicators of the anthropogenic contamination of sediments. 22 All sediments studied show a broad and unimodal UCM eluting between n-C16 and n-C34. The maximum of this hump occurred at n-C27 for Helkijn and Wervik cores and at n-C24 for Espierre core. The ratio of unresolved to resolved compounds (UCM/R) has been used to evaluate the extent of the anthropogenic contribution 14 and indicates contamination by petroleum products when values are greater than 2. 24 The mean UCM/R ratio is 26.0, 8.3 and 9.8 respectively for Espierre, Helkijn and Wervik sediments and no significant variations are observed with depth (Fig. 2) . There are positive and significant correlations (r = 0.872, 0.944, 0.897 respectively for Espierre, Helkijn and Wervik sediments, p < 0.001) for the three cores between total concentrations of n-alkane and UCM concentrations, both expressed in mg g -1 OC. Such a correlation has been attributed to a common origin of these aliphatic hydrocarbons 13 and/or similar transport pathways and accumulation mechanisms of introduction of these allochtonous compounds to the aquatic ecosystem.
9,27
The presence of pristane (Pr) and phytane (Ph) is noticed in all sediments. Pristane and phytane are geologic alteration products of the phytyl side chain of chlorophyll in phototrophic organisms. 28 These isoprenoid hydrocarbons commonly occurred in petroleum 27 and have been applied to assess the microbial degradation of petroleum residues in soils and sediments. 23, 29 The more complex molecular structure of isoprenoids compared with linear alkanes results in higher resistance to degradation. 28, 30 The ratios n-C17/Pr and n-C18/Ph indicate relatively fresh oil inputs when values are greater than 1 whereas values less than 1 suggest the presence of degraded oil. 14 Serrano et al. 30 monitored the natural attenuation of aliphatic hydrocarbons after a simulated diesel spill on an agricultural soil and found a decrease of the ratios n-C17/Pr and n-C18/Ph during microbial degradation. The n-C18/Ph index is <1 for all sediments presented here (Fig. 2) thus confirming the presence of degraded oil residues already indicated by UCM. A decrease in this index is observed for Wervik and
Helkijn sites between the first cm of sediment (respectively 0.39 and 0.28) and the bottom of the core (respectively 0.11 and 0.12) pointing out continuous degradation with the burial of organic matter. Espierre sediments exhibit lower n-C18/Ph values (mean 0.12) and a decreasing trend in the first 5 cm (0.13 to 0.02) followed by point increase at 9 and 13 cm depth.
PAHs
Concentrations and variations in sediment profiles
Total PAH concentrations, (ΣPAHs, the sums of the 16 parent PAHs analysed expressed on a dry weight basis), are plotted versus depth in Fig. 3 for the three sampling sites. ΣPAHs in Wervik and Helkijn sediments are in the same range whereas ΣPAHs in Espierre are larger (Fig. 3) . In Wervik core, ΣPAHs increases towards the surface in the top 9 cm (from 6.4 to 9.8 indicating that sediments are unlikely to cause adverse effects on benthic biota. PAH levels in Espierre are higher, ranging from 1130 to 2475 µg g -1 OC, and are within the MEC 95%
confidence limits (682 -2854 µg g -1 OC), implying that adverse effects might occur.
Source apportionment
Sources of the PAH contamination in sediments (pyrolytic or petrogenic) have been investigated by studying the general fingerprint and by using several PAH diagnostic ratios. 33 Samples from the three cores presented here show a predominance of tri-and tetra-ring PAHs.
Together tri-and tetra-ring PAHs account for 73-82 % of the total parent PAHs, whereas di-, penta-and hexa-ring PAHs respectively represent 5-10, 7-18 and 3-6 % of the total PAHs.
Major non-alkylated PAHs are the tri-ring fluorene and phenanthrene that derive more commonly from petrogenic sources and the tetra-ring fluoranthene and pyrene that derive more commonly from pyrolytic process.
Petrogenic and natural organic matter sources of PAHs are dominated by low molecular weight PAHs (LMW: 2 and 3 aromatic rings) while combustion derived PAHs are predominantly of high molecular weight (HMW: 4, 5 and 6 aromatic rings). 8, 34 The ratio of LMW PAHs to HMW PAHs (LMW/HMW) has thus been used to distinguish between petrogenic (>1 values) and pyrolytic (<1 values) origins. 35 The ratio LMW/HMW is around 0.50 for Wervik (mean value 0.58) and Espierre (mean value 0.49) sediments (Fig. 3) . Helkijn sediments have LMW/HMW values of about 1 in surface sediments (Fig. 3) suggesting less pyrolytic contaminant and relatively higher inputs of petrogenic PAHs in the Scheldt canal, which is submitted to intense fluvial traffic.
Molecular ratios, based on differences of thermodynamic stabilities between isomers of the same molecular mass, have been frequently used to discriminate between PAH sources. 33 But great care must be taken when applying these ratios for source apportionment in sediments because their use as tracers assumes that isomers have similar physical chemical properties and are subjected to degradation and dilution in the same extent during transport to sediment. 36 Zhang et al. 36 demonstrated greater stability of HMW PAH diagnostic ratios compared with LMW PAH ratios which are more influenced by parameters such as volatility.
Since PAHs in sediment samples arise from numerous sources, isomer ratios are often studied simultaneously (multiple lines of evidence) in order to avoid misinterpretations. 10 (Fig. 4) . Samples within each core are very homogeneous in terms of source ratios, indicating little temporal variation at each site. The core with the strongest pyrolytic fingerprint is Espierre, which also has the highest PAH concentrations ( Fig. 3 and Fig. 4) . A likely source of PAHs in this urbanized area is coal combustion that reaches sediments by atmospheric deposition and runoff from urban areas.
Petrogenic sources appear to be minor, with the possible exception of Helkijn where the LMW/HMW ratio is above 1 in surface sediments.
Conclusion
The Espierre Canal appeared to be the most contaminated of our sampling sites for both PAHs and biodegraded petroleum residues (UCM). The study of metallic contaminants, which was carried out in sediment cores from the same sites by Lesven et al. 7 , also concluded that Espierre sediments were the most contaminated especially in cadmium, lead and zinc. This high contamination level in the Espierre Canal is maybe the result of former industrial and urban waste water exhausts and of the high population density in this area. PAH contamination levels observed in Espierre sediments (40 -96 mg kg -1 ) were close to those found in France in the Moselle river which also flows through a highly industrialized area 19 and are higher than those typically found in lakes in dense urban settings in the United
States. 38 According to sediment quality guidelines, such PAH concentrations might cause adverse effects to the aquatic biota. PAH contamination levels in sediments from the Lys canal (6.4 -11.7 mg kg -1 ) and from the Scheldt (4.9 -8.3 mg kg -1 ) were closer to those measured in the Seine estuary. 39 The PAH assemblage in all three cores was dominated by fluoranthene and pyrene and in general by high molecular weight compounds (4 to 6 aromatic rings Aliphatic hydrocarbons in the studied sediments originate from mixed sources. The anthropogenic origin is evidenced by the presence of a high UCM and by the predominance of petrogenic inputs for low molecular weight n-alkanes for Espierre and Helkijn sediments.
Biogenic n-alkanes of terrestrial origin are predominant for high molecular weight n-alkanes in all studied sediments. Wervik sediments distinguish by the higher n-alkane concentrations and the predominance of aquatic biogenic hydrocarbons for low molecular weight n-alkanes.
Espierre site has the higher values of the UCM / R index, the lower values of the n-C18 / Phy index and the lower n-alkane concentrations, probably as a result of a more important biodegradation of aliphatic hydrocarbons occurring in Espierre sediments.
Based on hydromorphological, biological and physico-chemical quality criteria, the Espierre Canal, the Lys and the Scheldt Rivers are at risk of failing to achieve good ecological potential in 2015. 40 Moreover, dredging to restore navigation in the Espierre Canal is currently underway within the framework of the Blue Links project, partly-financed by the European Union. This study thus provides useful information on the hydrocarbon contamination levels, especially in Espierre sediments, for guiding the disposal of dredging material. Further researches will be undertaken in the Upper Scheldt in order to confirm the results obtained in the three sediment cores and better evaluate the impact of the sediment contamination on water quality
Graphical content entry
The PAH and n-alkane contamination has been evaluated in three sediment cores from the Scheldt River Basin. Here is an aerial photography of the sampling site Wervik (Lys River)
which is subjected to several anthropogenic pressures (industrial, recreational and residential areas, navigation, water treatment plant).
Figure 1
Location of the sampling sites: (1) Espierre (Espierre Canal), (2) Helkijn (Scheldt River), (3) Wervik (Lys River)
Figure 2
Sedimentary depth profiles in the three sediment cores of (a) the total n-alkane concentrations (Σ n-alk) in mg kg 
Table 1
Sediment properties for the three cores; organic carbon in %, grain size distribution in % of clay (0-4µm), silt (4-63µm) and sand (63-2000µm) and median grain size in µm. 
